Abstract-Accurate and reliable measurement of belt speed and vibration is of great importance in a range of industries. This paper presents a feasibility study of using an electrostatic sensor array and signal processing algorithms for the simultaneous measurement of belt speed and vibration in an online, continuous manner. The design, implementation, and assessment of an experimental system based on this concept are presented. In comparison with existing techniques, the electrostatic sensing method has the advantages of non-contact and simultaneous measurement, low cost, simple structure, and easy installation. The characteristics of electrostatic sensors are studied through finite-element modeling using a point charge moving in the sensing zone of the electrode. The sensor array is arranged in a 2 × 3 matrix, with the belt running between two rows of three identical sensing elements. The three signals in a row are cross correlated for speed calculation, and the results are then fused to give a final measurement. The vibration modes of the belt are identified by fusing the normalized spectra of vertically paired sensor signals. Experiments conducted on a two-pulley belt-driven rig show that the system can measure the belt speed with a relative error within ±2% over the range 2-10 m/s. More accurate and repeatable speed measurements are achieved for higher belt speeds and a shorter distance between the electrode and the belt. It is found that a stretched belt vibrates at the harmonics of the belt pass frequency and hence agrees the expected vibration characteristics.
smooth operation, long distance of power transmission, and ability to absorb sudden shocks or changes in loading. However, because belt drives rely on friction between the belt and pulleys to transmit torque, slippage may occur, particularly when the belt is not properly tensioned. Also, belt drives exhibit highly dynamic and complex behaviors such as transverse vibration and cyclic tension variation [1] , which lead to sliding wear, noisy operation, and belt fatigue. In order for belt drives to operate efficiently, smoothly, and reliably, the belt conditions and operational performance of a mechanical system should be continuously monitored. Important belt parameters that should be monitored include wear, tension, damage, slip, rip, speed, and vibration [2] [3] [4] .
This paper is concerned with the measurement of belt speed and vibration for online continuous monitoring and control purposes. A variety of measurement techniques based on optical, electrical, acoustic, mechanical, and magnetic principles have been developed. For belt speed measurement, the most common sensors are magnetic and optical angular encoders mounted on a pulley or wheel that rotates as the belt moves [5] . Because the performance of such contact type tachometers is affected by slippage and belt aging, non-contact type tachometers that measure the linear speed of the belt surface itself are desirable. Laser Doppler velocimeters can provide accurate and reliable speed measurement without contact with the moving surface [6] , [7] . However, such instruments are relatively large in size, power thirsty, and expensive, and the use of delicate optical components limits their applicability in harsh and extreme environments. Ultrasonic and microwave speed sensors, which work on the same principle of Doppler effect, are typically lightweight and easy to install, but their accuracies are generally lower than their optical counterpart [8] , [9] . A magnetic method has been proposed to measure the linear speed of a steel strip where magnetic marks are printed on the steel surface using a magnetic writer and are detected by downstream magnetoresistive sensors [10] . However, this method is unsuitable for measuring nonmagnetic strip materials due to the underlying principle of the magnetic sensing technique. A thermal method analogous to the magnetic method, but based on heater and infrared detectors, is proposed for measuring the speed of electrically conducting strips [11] . The measurement of transverse belt vibration requires non-contact sensing techniques since the axially moving belt surface prohibits installation of any contact transducers. A well-established technique for vibration measurement has been laser Doppler vibrometer working on 0018-9456 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
the principle of laser interferometry [12] , [13] . For the same aforementioned reasons, the optical technique is not well suited for practical industrial applications. Several types of proximity sensors, such as eddy current, ultrasonic, capacitive, and inductive sensors, are used to measure relative vibration of rotating shafts [14] , but their applications to belt vibration measurement are difficult for reasons related to accuracy, durability, installation requirements, and material property of the object being measured.
In this paper, an electrostatic sensor array is used to achieve simultaneous measurement of belt speed and vibration in an online non-contact manner. Electrostatic sensors have been extensively used for characterization and measurement of particle flow in pneumatic conveying pipelines [15] [16] [17] [18] . Recent applications of electrostatic sensors to gas path debris detection for health monitoring of an aeroengine have been investigated in [19] and [20] . Intra et al. [21] developed and evaluated a particulate air pollution sensor for continuous monitoring of size resolved particle number, based on unipolar corona charging and electrostatic detection of charged aerosol particles. Recent studies have been reported on the use of electrostatic sensors for the condition monitoring of mechanical machinery. Wang et al. [22] conducted experimental investigations into rotational speed measurement using electrostatic sensors and correlation signal processing techniques. A feasibility study of electrostatic sensing for strip speed measurement was carried out in [23] . This paper concentrates on the novel use of electrostatic sensor arrays in conjunction with data fusion techniques for concurrent belt speed and vibration measurement. The belt runs through a specifically designed sensor matrix that detects the electrostatic charges on the belt. Information about the belt speed and vibration is derived using embedded signal processing and data fusion algorithms [24] . This paper presents in detail the fundamental principle of the novel belt speed and vibration measurement system and the practical design and computational modeling of electrostatic sensors in addition to implementation and experimental assessment of the system.
II. PRINCIPLE AND MODELING OF ELECTROSTATIC SENSORS

A. Sensing Principle
The surface of a traveling belt becomes electrostatically charged due to friction between the belt surface and the surrounding air. Because the distribution of the surface charges is nonuniform and the belt is moving longitudinally as well as transversely, a fluctuating electric field is created around the belt. An insulated electrode, located in the proximity of the belt, generates an induced current signal in response to the passage of the surface charges. Information about the motion of the belt can then be derived from the induced signal. Fig. 1 shows the fundamental sensing principle of the electrostatic sensor.
B. Finite-Element Modeling
According to the superposition principle of electrostatic field, the total induced charge on the electrode is equal to the sum of all charges induced by each individual charge on the belt. It is therefore reasonable to utilize a single point charge moving along the belt trajectory to study the characteristics of sensor response and motivate suitable measurement method. The electric field produced by a point charge is governed by the following Poisson equation:
where is the electric potential, ρ is the charge density, and ε is the permittivity of the medium. After is solved, the induced charge q on the electrode with surface area S can be calculated through surface integration of the charge density
Analytical solutions to (1) can only be found for a very limited number of simple cases, and it is often necessary to resort to numerical methods. In this paper, a finite-element model of the electrostatic sensor is built using the commercial software package COMSOL Multiphysics. The electrode is modeled as a thin copper strip with dimensions of 20-mm length and 3-mm width. The point charge is a nylon sphere with negligible size. The medium of the computational region is air with a dielectric constant of 1. The potential of the electrode is set as zero, and the boundary of the model domain is set as zero charge. The point charge carries excess electrons (negatively charged) of 1 μC and is located 6 mm above the center of the electrode. Fig. 2 shows the simulated surface charge density on the electrode. As can be seen, the middle and the boundary areas are populated with more charges than the other areas. By surface integration, the total induced charge on the electrode is calculated as 0.0668 μC.
C. Characteristics of Sensor Response
The sensor response is simulated by letting the point charge move sinusoidally through the sensing volume of the electrode. The parametric sweep function of the software is used, and the longitudinal distance between the center of the electrode and the point charge is incremented by 0.2 mm in each step. . 3 shows the induced charge on the electrode when the trajectory of the point charge is described by z = 6 + cos(π x) and y = 0, and the center of the electrode is located at the origin of the coordinate system. As can be seen, when the point charge is far away from the electrode, the induced charge increases almost monotonically as the point charge approaches the electrode in the longitudinal direction. The transverse vibration of the point charge leads to small fluctuations of the induced charge. However, when the point charge is close to the electrode, the induced charge is dominated by the transverse distance of the point charge, and similar vibration modes, albeit antiphasing, are observed between the trajectory and the induced charge. In practice, an enormous number of point charges are continuously distributed on the belt surface. If the charge distribution was perfectly uniform and the belt did not vibrate at all, the induced charge on the electrode would remain constant and there would be no current flowing through the electrode. Early research has shown that two identical electrodes placed in parallel in the belt traveling direction generate two similar signals with a time delay between them [23] . The fluctuation of the sensor signal, which is the rate of change in the total induced charge, reflects that the charge distribution on the belt surface is nonuniform, whereas the signal similarity can be explained by the relatively constant charge density on the belt. Because the nonuniformity of charge distribution along the belt is not strong, the effect of transverse vibration of nearby charges on the variation of induced charge is more significant. It is therefore hypothesized that the fluctuation of the sensor signal is dominated by the transverse belt vibration, which will be verified by experimental results (Section IV).
To further elucidate how the sensor signal is related to the belt vibration, the point charge is set to vibrate harmonically in the normal direction of the electrode surface. Suppose the trajectory of the point charge is given by z = 6 + A sin(2π f t), where A denotes the vibration amplitude and f the vibration frequency. The induced charge and current output for different vibration amplitudes and frequencies are plotted in Fig. 4 . As illustrated, the electrode generates more current for a larger vibration amplitude, under which a longer excursion distance is covered and the variation of the induced charge is stronger. It is also observed that the amplitude of the alternating current output increases with the vibration frequency. If the variation of the induced charge can be approximated using a sinusoidal function, it is easy to understand from a mathematical point of view that the amplitude of its time derivative (the current) is proportional to the frequency.
It is evident in Fig. 4 that the induced charge varies asymmetrically about the value when the point charge is at the center position. As a result, the current output is also asymmetrical about the zero line and in time. This effect is caused by the nonuniform spatial sensitivity of the electrostatic sensor, which is defined as the ratio of the induced charge to the source charge [25] . Fig. 5 shows the spatial sensitivity of the electrostatic sensor along the z-axis. As can be seen, the spatial sensitivity decreases nonlinearly along the z-axis, thus explaining the asymmetrical characteristics of the induced charge and current output. Since the spatial sensitivity is more uniform at further locations, it is advantageous to place the electrode relatively further away from the belt for a more linear relationship between the signal amplitude and the vibration displacement. However, the electrode should not be placed too far away to maintain minimum sensitivity for the measurement.
III. MEASUREMENT METHOD AND SENSOR DESIGN
A. Sensing Arrangement
Measurement of the belt speed can be achieved with two identical strip-shaped electrodes placed in parallel in the belt traveling direction with a known spacing between them. The transit time taken by the belt to move from the upstream electrode to the downstream one is determined with a crosscorrelation signal processing algorithm [23] . The transverse vibration of the belt at some location along the belt traveling direction can be measured with a single electrode. Vibration parameters, such as vibration amplitude and frequency, can be derived from the fluctuation of the sensor signal. In the present research, an array of electrostatic sensors is combined with cross-correlation and data fusion algorithms to obtain accurate and reliable measurements of belt speed and vibration. Fig. 6 shows the sensing arrangement of the measurement system. Six electrodes are arranged in a 2 × 3 matrix. Three electrodes in a row are positioned above the belt, while the remaining three below the belt. Three separate speed measurements are obtained for each row of electrodes by permutation of the signals, while the two electrodes in a column generate a vibration measurement.
B. Measurement Algorithm
Let s i (k) denote the i th discretized zero-mean electrostatic sensor signal, then the normalized cross-correlation function between s i (k) and s j (k) is expressed as 
where L i j is the center-to-center spacing between the i th and the j th electrodes. The value of the dominant peak R i j , called correlation coefficient, reflects the similarity of the two signals.
Since a higher R i j implies normally a more accurate speed measurement, it is used as the weight for v i j in the data fusion algorithm through linear combination. As per the belt traveling direction and the numbering of the electrodes shown in Fig. 6 
According to the simulation results, the amount of induced charge is inversely related to the distance between the belt and the electrode. The presented sensing arrangement (Fig. 6) determines that an increase in the induced charge on one electrode due to belt approaching in the transverse direction corresponds to a decrease on the other electrode in the same column, thus leading to two current signals with opposite trends. The absolute vibration displacement of the belt cannot be measured using the electrostatic sensors due to the fact that the charges carried on the belt depend on a wide range of factors including belt speed, temperature, and humidity. However, the vibration displacement can be quantitatively characterized using the fluctuation amplitude of the sensor signal. Taking into consideration the influence of the vibration frequency on the amplitude of the sensor signal, the frequency spectrum is normalized according to the following equation in order to obtain a more accurate characterization of the vibration displacement: 
where S i (ω) represents the Fourier transform of the sensor signal s i (t).
The sensor signals from the pair of sensors in the same column are expected to have the same frequency spectrum. If the distances between the belt and the two corresponding electrodes are equal, then the frequency components of the two signals have the same amplitude. In order to enhance the measurement reliability, the belt vibration is characterized by averaging the normalized amplitude spectra of the signals
where |i − j| = 3.
C. Sensor Design
The electrostatic sensor is designed and fabricated based on a double-sided printed circuit board (PCB). As shown in Fig. 7 , the electrode is a 3-mm wide tin-plated copper strip embedded in the bottom layer of the PCB. The area around the electrode is filled with earthed copper in order to reduce the influence of external electromagnetic interferences. On the top layer of the PCB is the signal conditioning circuit. The close placement of the signal conditioning circuit to the electrode eliminates the noise due to cable transmission. The current signal from the electrode is first converted into a proportional voltage signal using an I /V converter. Because the vibration frequency of the belt is below a few 1000 Hz, the second-order low-pass filter with a cutoff frequency of 20 kHz is used to eliminate high-frequency noises. Then the bipolar signal is further amplified and level shifted to match the input range of a single-supply analog-to-digital converter. A DSP-based data acquisition module simultaneously samples the six electrostatic sensor signals and performs on-board data processing. Fig. 8 shows the signal conditioning stages of the sensor electronics.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Test Rig
A laboratory-scale test rig, as shown in Fig. 9 , was designed and constructed for the experimental assessment of the measurement system. A flat nylon-type belt is wrapped around two fixed pulleys with an equal diameter. One of the pulleys is driven by a dc motor, the speed of which is adjusted by regulating the supply voltage. Since there is no load on the driven pulley, a resting tension force of a few newtons is adequate to prevent slippage between the belt and the pulley [26] . Therefore, the rotational speed detected using a photoelectric rotary encoder is used to derive the traveling speed of the reference belt. The sensor array is mounted on a supporting frame that allows the distance between the belt and the electrodes to be adjusted. Fig. 10 shows the typical electrostatic sensor signals when the belt traveling speed is 4.3 m/s, the spacing between two adjacent electrodes in a row is 25 mm, and the distance between the electrode and the belt is 12 mm. It is clear that signal s 2 is similar to s 1 in waveform apart from the short delay in time between them. A typical correlation function between s 1 and s 2 is plotted in Fig. 11 . The highest correlation coefficient reaches 0.92, which suggests that the measured speed is adequately reliable. A variety of factors, such as the belt speed, the spacing between the electrodes, the distance between the belt and the electrode, and the environmental conditions, all affect the correlation coefficient. In this paper, if a pair of signals gives a correlation coefficient less than 0.6, the measured speed will not be included in the data fusion algorithm.
B. Sensor Signals
As shown in Fig. 10 , signals s 1 and s 4 exhibit nearly antiphasing oscillatory behaviors, therefore the statement that the signal fluctuations are primarily caused by the transverse belt vibrations can be validated. The normalized amplitude spectra of signals s 1 and s 4 in Fig. 10 , but of a longer period of time (2.0 s), are plotted in Fig. 12 , where the spectral peaks are marked with small circles. It is clearly seen that the two spectra resemble each other, with the same spectral peaks that correspond to vibration modes occurring at several distinct frequencies below 100 Hz. It is believed that the spectral peaks at exactly 50 Hz are attributed to the power line interference.
The belt vibration leads to a traveling wave that propagates along the length of the belt, therefore the sensors in different columns experience different phases of the traveling wave. The experimental results show that S 14,norm , S 25,norm , and S 36,norm have nearly the same dominant frequencies and corresponding amplitudes. However, the phase shifts can be easily observed from the signal waveforms (Fig. 10) . The magnitude of phase shifts depends on the spacing of the electrodes as well as the wavelength of the traveling wave, which is determined by the belt dynamics.
C. Speed Measurement Results
The accuracy of the system for belt speed measurement was evaluated by varying the reference belt speed from 2 to 10 m/s and the distance between the electrodes and the belt from 4 to 20 mm. Fig. 13 shows the relative error between the measured speed and the reference speed. The measured speed is the average value of 20 measurements with normalized standard deviation less than 0.8%. Throughout the speed measurement range, the relative error of the measured speed is no greater than ±2%. The relative error becomes smaller as the belt runs faster, which is attributed to the increased charge on the belt surface and stronger belt vibration at higher speeds. The shorter distance between the electrodes and the belt surface also yields more accurate measurements because of the stronger signals from the sensors. However, the electrodes should not be excessively close to the belt in order to avoid the potential contact between the electrodes and the belt, which could damage the sensors and give rise to erroneous signals.
The performance improvement due to the use of the sensor array and the data fusion algorithm was validated by comparing the six raw speeds each obtained with two sensors and the fused speed. Twenty sets of data were collected at different belt speeds, respectively. As shown in Fig. 14 , the normalized standard deviations of the raw speeds are greater than that of the fused speed, suggesting that the fused speed is more stable and accurate than the individual measurements. In general, the normalized standard deviations of v 13 and v 46 are larger than that of the other combinations because the longer spacing between the electrodes results in poorer similarity between the signals and hence lower correlation coefficient. As expected, the normalized standard deviations of the individual speeds are reduced as the belt speed increases, thus leading to a fused speed that is more repeatable.
The uncertainty of speed measurement results arises from several possible sources. The first one is the stochastic nature of the electrostatic signals. The charges appear on the belt due to continuous motion of the belt and vanish with the elapse of time, reaching a dynamic balance for a given operating condition. The change of charge distribution on the belt leads to similar but not identical signals from adjacent sensors, introducing some degree of uncertainty to the cross-correlationbased speed measurement. The second one is concerned with the accuracy in the measured transit time. Because the analog signals are digitized for numerical computation, it is unlikely that the real transit time is located at the exact discrete points of the cross-correlation function. The use of a higher sampling rate and/or an adequate interpolation algorithm to fit the points around the peak will reduce this uncertainty, but the cost is higher due to the increased computation load. The third source originates from the vibration of the sensors themselves. The mechanical connection to the machine makes the sensors vibrate in both the axial and transverse directions of the belt. The axial vibration of the sensors increases or decreases the speed measurement results, depending on the vibration direction during sampling. The final source of uncertainty lies in mechanical manufacturing and assembly errors. The dimension of the electrode may not follow the design exactly, and distance inaccuracy exists in the spacing of the electrodes. These systematic errors can be reduced through compensation or calibration.
D. Vibration Measurement Results
An axially moving belt vibrates transversely at natural frequencies determined by belt mass, tension, speed, span length, and viscoelastic stiffness [27] , whereas a variety of installation and belt imperfections, such as shaft misalignment, pulley eccentricity, belt wear, and imbalance, cause vibration at frequencies other than the natural ones. For instance, problems due to shafts or pulleys (misalignment, eccentricity, etc.) result in vibration at the rotational frequency of the component. Stretched or worn belts, on the other hand, give rise to vibration at harmonics of the belt pass frequency [28] . In order to assess the validity of the vibration measurement results, a stretched belt is used to generate vibration with known frequencies. The belt pass frequency is given by
where v is the belt running speed and L is the belt length. Fig. 15 shows the fused vibration spectra at different belt running speeds. As indicated in Fig. 15 , the belt vibrates at frequencies that are integer (whole number) multiple of the fundamental frequency. Since the length of the stretched belt is 0.99 m, the belt pass frequency calculated using (8) is almost identical to the fundamental vibration frequency, thus validating the effectiveness of the technique. It is evident that the second-order harmonic is the highest peak in Fig. 15(b) and (c), which is the typical symptom of using stretched belts. It is also shown that as the belt runs faster, more vibration modes are provoked, especially at higher frequencies. The spectrum peaks become stronger at a higher speed, which suggests that the vibration displacement becomes larger. However, the increased transverse deflection is not the sole reason for the elevated signal strength, because more charges are accumulated on the belt at a higher speed.
E. Discussion
Given that the methods available for the measurement of belt speed and vibration are very limited, the electrostatic sensing technique represents an appealing solution to the current measurement problem, with the virtue of non-contact and simultaneous measurement, low cost, simple structure, and easy installation. However, this technique has several inherent limitations that might be resolved in the future. First, the amount of induced charge on the electrode is susceptible to environmental and operating conditions, which makes it impossible to measure the absolute vibration displacement. Nevertheless, the location of the spectral peaks and their relative magnitude remain fixed for a specific operating condition. Such information can still provide valuable status indication for online diagnosis and prognosis of the belt drive system. The changes in the environmental and operating conditions may make the charge on the belt vary over orders of magnitude. In this regard, it would be advantageous to use a programmable gain amplifier for online adjustment of the resulting signal strength. Second, it is clearly seen in Fig. 15 that the sensor signal contains the 50-Hz power line noise, the magnitude of which is independent of the belt running speed. As the belt speed increases and the sensor signal becomes stronger, the signal-to-noise ratio is improved, which leads to enhanced measurement accuracy. The working principle of electrostatic induction determines that it is difficult to completely shield the electrode using a metal screen to reject external electromagnetic interferences. It is also not possible to filter out this noise using a notch filter, because its frequency is within the range of vibration. For the present study conducted in laboratory conditions, the noise is not a major concern as its frequency and magnitude are definite and known. However, the application of the technique in an industrial environment with various sources of electromagnetic interference may be problematic. A practical technique to avoid electromagnetic interferences should be developed. Third, the experimental work was undertaken on a two-pulley belt drive system at steady rotational speed and without load on the driven pulley. The belt vibration dynamics is relatively simple and the performance of the system in monitoring more erratic belt vibrations remains to be investigated. A direct comparison of the measurement results with another reference system such as a laser vibrometer may provide a deeper insight into the pros and cons of the technique.
V. CONCLUSION
In this paper, a novel measurement system based on an electrostatic sensor array and data fusion techniques has been designed and implemented for simultaneous measurement of belt speed and vibration. The response of a strip-shaped electrode to a point charge moving both axially and transversely has been studied through finite-element modeling that has suggested how the sensor design should be optimized and how the sensor signals should be processed to achieve more accurate and reliable measurements. Experimental investigations into the performance of the measurement system have been conducted on a custom-built test rig. The results obtained have demonstrated that the system can measure the belt speed with a relative error within ±2% over the range 2-10 m/s. The accuracy and repeatability of the speed measurement results are enhanced due to the use of the sensor array and the data fusion technique. The vibration modes of the belt at different speeds have been identified using spectrum analysis technique. Higher belt speeds have caused more high-frequency vibration modes to be provoked and larger amplitude deflection produced.
Further work will focus on quantifying the effects of belt type and surface roughness on the measurement system in terms of accuracy, repeatability, and reliability under a wider range of environmental conditions. Performance assessment of the system on industrial belt drives with complex dynamic behaviors will also be carried out in the near future.
